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Atomic and electronic structure of silicate adlayers on polar hexagonal SiC surfaces
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Institut für Theoretische Physik II-Festko¨rperphysik, Universita¨t Münster, Wilhelm-Klemm-Straße 10, D-48149 Mu¨nster, Germany

~Received 18 August 1999!

Structural and electronic properties of silicate adlayers on (A33A3)R30°-reconstructed C-terminated

(0001̄) and Si-terminated~0001! surfaces of hexagonal 6H-SiC have been studied using theab initio pseudo-
potential supercell method. Two significantly different structural models, previously suggested on the basis of
a quantitative low-energy electron diffraction~LEED! analysis for the two adsorbate systems, have been
investigated. Both of these models have been considered for both surfaces and the four respective structures
have been optimized by total energy minimization calculations. The two structures with the lowest formation
energy confirm the interpretation of the LEED data. In addition, they allow us to address the physical origin of
the distinctly different reconstruction models for the two surfaces. The electronic structure of these surfaces
according to local density approximation calculations is presented and discussed. Both models yield a number
of oxygen-induced bound states and resonances within the projected valence band region and a band of
localized dangling-bond states within the projected gap. Within the local density approximation, this dangling-
bond band turns out to be half-filled in both cases, giving rise to metallic surfaces in contradiction to experi-
ment. Therefore, the systems have also been studied within the framework of the Hubbard model and by
employing the local-spin-density approximation. In both cases semiconducting surfaces are obtained in agree-
ment with experiment. The dangling-bond bands resulting within the Hubbard-model calculation, in particular,
are in quantitative agreement with most recent angle-resolved photoemission spectroscopy data for a Si2O3

silicate adlayer on SiC(0001)̄.
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I. INTRODUCTION

The paramount technological potential of SiC for hig
power, high-temperature, and high-frequency electro
devices1 has led to a very strong interest in its bulk a
surface properties both in experiment2,3 and theory.4 The for-
mation of a high-quality insulating oxide layer on SiC, f
example, is a key requirement for any metal-oxid
semiconductor device based on this new semiconductor
terial. Ordered oxide layers on hexagonal SiC surfaces h
attracted particular attention. Preparing oxide layers on S
e.g., by thermal oxidation at high temperature,5 by low-
temperature remote plasma assisted oxidation,6 or by oxida-
tion of polycrystalline silicon on SiC,7 leads to interfaces
with a high defect density. On the other hand, it has b
shown very recently that the preparation of hexagonal
surfaces by hydrogen plasma or etching in hydrogen fl
produces highly ordered monolayers of silicon dioxide.8 A
microscopic understanding of the atomic structure and
bonding arrangements of such ultrathin oxide layers on h
agonal SiC surfaces is of prime interest, therefore.

Starke and co-workers8,9 have experimentally investigate
structural properties of ultrathin oxide layers o
6H-SiC(0001̄) and 6H-SiC(0001). The authors have foun
as noted above, a way to prepare well-defined epitaxial ox
monolayers on these surfaces. Well-order
(A33A3)R30°-reconstructed surfaces have been obtain
A quantitative low-energy electron diffraction~LEED!
analysis could be achieved for Si2O3 silicate adlayers on top
of otherwise bulk-truncated SiC surfaces. On t
C-terminated (0001̄) surface, the Si atoms of the silica
adlayer are bound directly to the C atoms of the subst
PRB 610163-1829/2000/61~20!/13737~8!/$15.00
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surface layer, thus forming Si-C bonds. We label this str
ture as theSi2O3 model, for brevity. On the Si-terminated
~0001! surface, the Si adatoms are bound to the topm
substrate-surface Si layer via a linear oxygen bridge cons
ing of Si-O-Si. We label this structure as theSi2O5 model.

Both the observed bond angles and bond lengths8,9 agree
well with those of bulk SiO2. Potentially, ultrathin oxide
layers may serve as a seed for the epitaxial growth of S2
on the SiC surface. The lattice mismatch between these
crystals is only 5% while the respective mismatch betwe
Si and SiO2 amounts to 25%. Starke and co-workers8,9 have
also found that their oxide surfaces were stable in air, wh
is consistent with related observations of Bermudez.10 In a
more recent publication Holleringet al.11 report electronic
states of an ordered oxide on the C-terminated SiC(00)̄
surface that they have prepared by annealing the ab
mentioned samples8,9 at 650 °C.

To the best of our knowledge there has been no theo
cal investigation of the geometrical and electronic struct
of silicate adlayers at hexagonal 6H-SiC surfaces so far
Therefore, in this paper we present and discuss the resul
ab initio pseudopotential calculations for ultrathin oxide la
ers on 6H-SiC(0001̄) and 6H-SiC(0001) surfaces in com
parison with recent experimental data. We have ener
optimized the two above-mentioned structural models
both of these surfaces and have identified their relative
bilities. Detailed investigations of the electronic properties
these systems have been carried out in the framework of
local density approximation~LDA !, as well as the local spin
density approximation~LSDA! of density functional theory12

and on the basis of the Hubbard model.13 Our structural re-
sults constitute an independent theoretical confirmation
13 737 ©2000 The American Physical Society
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the LEED analysis and our electronic structure allows for
interpretation of most recent experimental results fr
angle-resolved photoemission spectroscopy11~ARUPS!.

The paper is organized as follows. In Sec. II we brie
describe the theoretical method. Section III presents and
cusses structural and electronic properties of the silic
covered C-terminated SiC(0001)̄ surface. Section IV is de
voted to the presentation of our results for the silica
covered Si-terminated SiC~0001! surface. In both cases, w
identify the influence of coadsorbed hydrogen on the str
tural and electronic properties of the systems as well. A sh
summary concludes the paper in Sec. V.

II. CALCULATIONAL METHOD

Ab initio pseudopotential calculations are carried o
within the LDA and LSDA. Nonlocal, norm-conservin
pseudopotentials14–17 in separable form, as suggested
Kleinman and Bylander,18 and the exchange and correlatio
functional of Ceperley and Alder,19 as parametrized by Per
dew and Zunger,20 are employed in our calculations. Th
wave functions are expanded in terms of linear combinati
of Gaussian orbitals withs, p, d, ands* symmetry. A de-
tailed description of the method has been given in two p
vious papers.21,22Here we just give some additional informa
tion that is of particular relevance for the present syste
The basis states for Si, C, and H are the same as in Ref
For the oxygen adatoms, we use 30 Gaussian orbitals
decay constants of 0.34, 0.95, and 2.72~in atomic units!. Six
ki points in the irreducible part of the surface Brillouin zo
turn out to be sufficient for the (A33A3) unit cell in order to
obtain converged results. A supercell including the adlay
eight SiC layers, and six vacuum layers is used to desc
the surface system. The atoms in the first three substr
surface layers and those in the adlayers are relaxed in o
to eliminate the forces. The structure optimization is term
nated when each force is less than 1023 Ry/a.u. To guaran-
tee a reliable identification of surface resonances within
energy region of the projected bulk bands we enlarge
slab by including 20 additional SiC bulk layers and calcul
the surface-band structure.

III. SILICATE ADLAYERS AT THE C-TERMINATED
SiC„0001̄… SURFACE

In this section, we address the atomic and electronic st
ture of the C-terminated SiC(0001)̄ surface covered by sili-
cate adlayers and we address the effects of coadsorbed
drogen, as well.

A. Atomic structure of silicate adlayers at SiC„0001̄…

In the experiment by Bernhardtet al.,8 an ordered (A3
3A3)R30° phase was observed. The LEED pattern for t
surface is practically free from background. Moreover, in
Auger electron spectroscopy~AES! data, a strong OKLL peak
and an oxidic fine structure of SiLVV indicate the existence o
Si-O bonds in the surface.3,8,9 By fitting their LEED data, a
model including a silicate monolayer on top of th
SiC(0001̄) surface was suggested by Starke a
co-workers.8,9 In this lattice configuration~the Si2O3 model!,
n
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there are two Si adatoms and three oxygen adatoms per
face unit cell. Figures. 1~a! and 1~b! show a schematic top
and side view of this model. The Si-O-Si bonds at the s
face are arranged in a honeycomb pattern~see the border line
of the shaded area in the top view!. Each oxygen atom is
bound to two Si adatoms and itsn52 shell is fully saturated.
Each Si adatom in the Si2O3 adlayer is fourfold coordinated
Three of its bonds are saturated by top-layer oxygen ato
while the fourth is involved in the tetrahedral bond to t
substrate-surface layer C atoms. These bonds between
adlayer and the substrate-surface layer turn out to be u
Si-C bonds as in bulk SiC. The bond angles in the silic
adlayer are close to the tetrahedral angle. In eachA3
3A3) unit cell there isone unsaturated dangling bondat the
substrate-surface layer C atoms staying in the center of
Si-O-Si honeycomb rings.

Since bulk 6H-SiC has the stacking sequenceABCACB,
its (0001̄) and~0001! surfaces can have three specific term
nations. In the following, we use the same labels as s
gested by Starke,3 i.e., S1, S2 and S3 fo
CACBA. . . , BCACB. . . , and ABCAC. . . , respec-

FIG. 1. Schematic~a! top and~b,c! side views of silicate adlay-
ers on the 6H-SiC(0001̄) surface. The side views show the~b!
Si2O3 and ~c! Si2O5 silicate layer model, respectively. The larg
open circles represent Si adatoms and the shaded circles repr
oxygen adatoms in the silicate adlayer. The small open and s
circles represent the substrate-surface Si and C atoms.@To arrive at
the respective models for the 6H-SiC(0001) surface, only the
substrate-surface Si and C atoms need to be interchanged.# The
normal distances between atomic layers are labelled d1, d2, d3
d4. The dashed area in~a! represents the two-dimensional Wigne
Seitz cell.
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TABLE I. Structure parameters for the C-terminated silicate-covered 6H-SiC(0001̄)-(A33A3)R30°
surface for the Si2O3 model with the three different surface terminations S1, S2, and S3, as well as, fo
H-saturated S1 configurations~for details see text!. Measured structure parameters from Starke and
workers~Refs. 8 and 9! are given in parentheses.

Stacking type S1 S2 S3 H-saturated

d1 0.55 ~0.55! 0.55 ~0.54! 0.55 0.56
d2 1.85 ~1.91! 1.85 ~1.87! 1.85 1.84
d3 0.62 ~0.58! 0.62 ~0.60! 0.62 0.63
Downward 0.18~0.08! 0.20 ~0.19! 0.20 0.03
Si-O bond length 1.63~1.64! 1.62 ~1.63! 1.63 1.63
Si-O-Si angle 140.5° (140.8°) 140.4° (141.4°) 140.5° 139.9°
C-H bond length - - - 1.17
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tively. We have optimized the atomic structure of the Si2O3
model for all three types of termination S1, S2, and S3. T
resulting structural parameters are listed in Table I. First
note that there are no significant differences between
layer distances and bond lengths for the three terminati
The vertical distanced1 between Si and O sublayers in th
silicate monolayer is 0.55 Å. The Si-O bond length
1.62 Å and the Si-O-Si bond angle of 140.5° are very clo
to the respective values of 1.61 Å and 144° fora-quartz.
The vertical distanced251.85 Å is the bond length betwee
the Si adlayer atoms and the C atoms on the top layer of
SiC substrate. It turns out to be very close to the bulk-bo
length (1.89 Å) of SiC. The carbon atoms with the unsat
ated dangling bond are shifted downward by 0.18–0.20
according to our calculations. The structural parameters f
LEED experiments8,9 are also listed in Table I for compar
son. We find very good general agreement between our
culated results and the experimental data. Thus our res
confirm the quantitative LEED analysis for this surface.8,9

Another conceivable model for this surface could be
Si2O5 structure suggested by Bernhardtet al.9 for the
silicate-covered Si-terminated SiC~0001! surface. The top
view of the respective structure in the current case is
same as that for the Si2O3 model @see Fig. 1~a!# but its side
view is different as shown in Fig. 1~c!. There are two Si and
five O adatoms in each unit cell. We call this configurati
the Si2O5 model, therefore. For the current surface, t
Si2O3 silicate adlayer is not directly bound to substra
surface C atoms but it is connected to the substrate b
linear Si-O-C bridge@see Fig. 1~c!#. The Si-O and C-O bond
lengths result as 1.59 Å and 1.39 Å, respectively. T
former is close to the Si-O bond length of 1.61 Å
a-quartz, while the latter is approximately the sum of t
covalent radii of C and O. Similar to the case of the Si2O3
model, the vertical distanced1 between Si and O in the sili
cate adlayer is 0.54 Å and the distanced4 between the top-
most C and Si layers of the substrate turns out to be 0.63
These values correspond tod1 and d3 in the Si2O3 model
~see Table I!.

To discern between the two considered structures,
have calculated the formation energies for both models u
the method described in Refs. 22 and 23. For low value
the chemical potential of oxygen,mO, the Si2O3 model turns
out to be more favorable while for larger values ofmO the
Si2O5 model has a slightly lower formation energy. The
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seems to be a fairly detailed balance between the energ
the involved bonds. In the Si2O3 model, there are six Si-O
and two Si-C bonds per unit cell originating from the silica
adlayer. In the Si2O5 model, there are eight Si-O and tw
C-O bonds, respectively. To meaningfully compare the t
systems, we have to add the bond energy of a free O2 mol-
ecule in the former case. So leaving the six Si-O bon
within the silicate adlayer out of consideration~they are ba-
sically equal in both structures! the balance between on
O-O and two Si-C bonds as compared to two Si-O and t
C-O bonds determines the total energy difference. Close t
energies for the two structures are conceivable, theref
Since experiment8,9,11 has clearly favored the Si2O3 model
for the C-terminated surface and since ARUPS data11 are
available for that surface, we address the surface electr
structure for the Si2O3 model in the following subsection
using our optimized surface configuration.

B. Electronic structure of Si2O3 at SiC„0001̄…

The calculated surface band structure of the C-termina
surface within the Si2O3 model is given in Fig. 2 togethe
with the (0001̄) projected bulk-band structure of 6H-SiC.
The latter is shown by the shaded areas. All bands plotte
the figure as full or dotted lines are related to surface bo
states or resonances that mainly originate from the Si2O3
adlayer. The contribution from the adlayer atoms and
substrate-surface bilayer to the respective states is more
40%. In the following discussion, we refer all energies to t
valence band maximum~VBM ! of the bulk crystal as energy
zero (EVBM50). The three bands near220 eV mainly
originate from the 2s states of the oxygen adatoms contri
uting more than 80% to the respective states. Related to
C3v symmetry, there is one singlet and one doublet stat
the high symmetry pointsG andK. The bands located ener
getically between27 and210 eV are mainly derived from
O 2p states. These bands are located partially in the io
band gap. Between21.8 eV and24.0 eV, there are reso
nant bands resulting mainly from the Si3p–O2p hybridized
states in the Si-O-Si honeycomb ring.

In spite of the fact that all bonds of the Si and O atoms
the silicate adlayer are saturated, there is a fairly flat ban
surface states in the fundamental band gap near 0.2 eV a
EVBM , in addition. Inspection of the respective wave fun
tions shows that this flat band originates from the dangl
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bonds of the C atoms in the centers of the Si-O-Si hon
comb rings at the substrate surface. We label the band aD
in the figure. The lateral distance between neighboring d
gling bonds is fairly large (5.3 Å) and their interaction
screened by the silicate adlayer. In consequence, the up
dispersion of theD band from the surface Brillouin zon
center (G point! to its corners (K and M point! is small.
Since there is one unsaturated dangling bond per surface
cell, the dangling-bond band is half-filled. Thus our LD
calculations yield a metallic surface while experiment o
serves a semiconducting surface.11

To resolve this discrepancy and contribute to a better
derstanding of the electronic properties of this system
have carried out spin-polarized local density calculations
better describe the ground state properties of our system,
we have employed the Hubbard model13 in order to approxi-
mately describe excitations, in addition. The correlation
ergy U of two electrons in the dangling bonds is taken a
parameter determined from our LDA calculations for diffe
ent occupations of the dangling bonds. Northtrup a
Neugebauer,24 Furthmüller et al.,25 and Rohlfing and
Pollmann26 have demonstrated that such Hubbard-model
culations can account for the photoemission27 and inverse
photoemission28 spectra of the clean SiC(0001)-(A3
3A3)R30° surface. Thus it is to be expected that the Hu
bard model applies to the current system, as well.

The LSDA calculations have been started with a fer
magnetic configuration, i.e., all electrons in the dangl
bonds occupy the spin-up state. During the self-consiste
cycle this configuration remains stable, with a total ene
gain of 0.12 eV per dangling bond due to the spin polari
tion. A section of the band structure including the danglin

FIG. 2. Surface band structure of the Si2O3 model for the
6H-SiC(0001̄)-(A33A3)R30° surface~see Fig. 1 for the struc-
ture!. Surface-state and -resonance bands are shown by full
dotted lines, respectively. They are included in the figure if
adlayer atoms and substrate-surface bilayer atoms contribute
than 40% to the respective features. The shaded area represen
~0001̄! projected band structure of bulk 6H-SiC.
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bond bands is shown in Fig. 3~a! for the LDA ~see Fig. 2 for
comparison! and in Fig. 3~b! for the LSDA calculation.
Within LDA, the dangling-bond bandD is half-filled. It
splits by 0.6 eV into two bands in the fully spin-polarize
LSDA calculation. The lower band is completely occupi
while the upper one is empty. We label them asD↑ andD↓,
respectively. Thus the surface results as semiconductin
the LSDA. The calculated gap energy of 0.6 eV, however
considerably smaller than the measured gap energy of a
1.4 eV.11 This kind of deviation in gap energies is typical fo
local ~spin! density calculations. The one-particle LS
theory underestimates the band gap by a consider
amount. In order to arrive at a correct description of the ba
gap, quasiparticle band-structure calculations beyond LS
e.g., within theGW approximation29 would be useful but
they are very demanding.26

To improve on this aspect the concept of a Mott-Hubba
metal-insulator transition13 may be used as an alternative
more appropriately describe excited states and the dang
bond band splitting. When the intra-atomic Coulomb inte
action U is much larger than the respective bandwidth, t
half-filled LDA band splits into two bands with half th
width of the original band and an energetic separation ofU.
The lower Hubbard band (Dl) is fully occupied while the

nd
e
ore
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FIG. 3. Section of the surface-band structure for the Si2O3

model of 6H-SiC(0001̄)-(A33A3)R30° including the dangling-
bond bands. The upper, middle, and bottom panels show the re
from LDA, LSDA, and Hubbard-model calculations, respective
The shaded area is the~0001̄! projected band structure of bul
6H-SiC. The solid dots represent ARUPS data from Ref. 11.
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upper Hubbard band (Du) is empty. The surface change
from a metallic to an insulating phase by a Mott-Hubba
transition. To calculate the Coulomb interactionU, we use
the charged supercell approach.24,30 The unit cell of the
oxygen-covered surface was enlarged to a 333 cell in which
all C dangling bonds except one are saturated by hydroge
simulate isolated C dangling bonds. The total energy of
system has been calculated for various possible cha
states of the dangling bonds, as suggested by Northrup
Neugebauer.24 The resulting value for the intra-atomic Cou
lomb interactionU is 1.2 eV. The lower and upper Hubba
bands are plotted in Fig. 3~c!. The lower band has only hal
of the dispersion of the LDA bandD and its center of energy
resides at the same energy position as that of theD band.
Due to the large splitting and small band width, there is
overlap between the lower and upper Hubbard bands. T
results in a semiconducting surface as in our spin-polari
calculation. But now the surface band gap is about two tim
as large as in the LSDA results. The calculated band ga
1.2 eV compares favorably with the experimental surfa
gap of about 1.4 eV as clearly observed in the band bend
of the annealed surface.11 The agreement is good in view o
the fact that the error in the HubbardU as calculated by the
above procedure is as large as several tenths of an eV.24

For a direct comparison with experiment, we have
cluded the ARUPS data for the most salient surface-s
bandD in Figs. 3~a! and 3~c!. We observe that the agreeme
for the occupied dangling-bond band is very good in b
cases. From the LDA calculation, however, we obtain o
one half-filled band. So the energy position of the occup
and the empty surface states essentially coincide and the
face is metallic, in addition. These results contradict the
perimental observations.11 Within the Hubbard model@see
Fig. 3~c!#, in contrast, we obtain the fully occupied bandDl
in very good agreement with the ARUPS data and the em
band Du that pins the Fermi level of ann-doped sample
some 1.2 eV above theDl band. Thus the surface is obv
ously semiconducting. All these findings are in accord w
the data of Holleringet al.11

In order to get some information on possible magne
orderings of the spins at the surface we have also carried
LSDA calculations investigating an antiferromagne
~AFM! configuration. For the two-dimensional triangular la
tice there are many possibilities for an AFM arrangeme
Here we consider one simple example. All electrons in ro
along the@21̄1̄0# direction are assumed to occupy the sa
spin state, while those in rows along the@ 1̄21̄0# or @ 1̄1̄20#
directions are assumed to occupy the opposite spin st
respectively. Thus each site has two neighboring sites w
electrons of the same spin and four neighboring sites w
electrons having opposite spin. This type of an antiferrom
netic structure turns out to be stable. The total energy dif
ence between the ferromagnetic and this antiferromagn
configuration is less than 5 meV and there is no signific
difference for the corresponding band structures. This sim
results from the fact that the distance between neighbo
dangling bonds is as large as 5.3 Å and their interactio
correspondingly small. The screening effect of the silic
adlayer reduces the interaction between the dangling bo
in addition. This very small interaction may lead to a rando
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occupation of the spin-up and spin-down orbitals. Therefo
the surface will presumably show neither a ferromagnetic
an antiferromagnetic phase, but will show a paramagn
phase at room temperature or above.

C. Effects of coadsorbed hydrogen

Starke and co-workers8,9 have observed that the sampl
prepared in their experiments were stable in air. The e
tence of dangling bonds certainly would be unfavorable fo
stable surface structure in air. Since the samples were tre
either thermally by annealing in hydrogen flow or by a h
drogen plasma,8,9 one can expect that the abundantly ava
able H atoms have saturated the existing dangling bond
the samples. We have considered geometries with one hy
gen atom added per (A33A3) unit cell also, therefore. By
keeping the H atoms on top of the C atoms in the cente
each Si-O-Si honeycomb ring saturating the C dangl
bonds, the structure was optimized anew. The resul
structure parameters are shown in Table I, as well. Since
stacking sequence has a negligible effect on the struc
parameters of the H-covered surfaces, we only show the
rameters for H coadsorbed at the stacking sequence
Comparing the respective results with the structure par
eters of the surface without H saturation, we can clearly
the following: The H saturation affects the Si-O bond leng
and the Si-O-Si bond angle in the silicate bilayer only m
ginally. The only noteworthy change concerns the downw
shift of the C atoms in the center of the Si-O-Si honeyco
rings. After the H atoms saturate the dangling bonds,
downward displacement decreases from 0.18 Å to 0.03
This marginal influence of the coadsorbed H on the struct
explains why Starke and co-workers8,9 and Holleringet al.11

have observed basically the same atomic structure at r
temperature and at annealing temperature, i.e., with
without the coadsorbed hydrogen.

The calculated band structure for the hydrogen-satura
surface~not shown here for the sake of brevity! exhibits no
surface or interface states in the fundamental band ga
agreement with the data.11 This fact obviously occurs be
cause the H atoms saturate the dangling bonds of the C
oms in the center of Si-O-Si honeycomb rings and fully p
sivate the surface. The other bands within the bulk valen
band projection remain similar to those for the S
configuration without H saturation~cf. Fig. 2!. Our results
confirm that hydrogen adsorption on the oxide surface
very important for reducing the density of midgap states
the adsorbate-substrate interface. This is in accord with h
temperature annealing in a H2-containing ambient,6 which
was observed to reduce the defect density at the oxidized
surface drastically from 1013 to 1011cm22.

IV. SILICATE ADLAYERS AT THE Si-TERMINATED
SiC„0001… SURFACE

In this section, we address the atomic and electronic st
ture of the Si-terminated SiC~0001! surface covered by sili-
cates as well as by coadsorbed hydrogen.

A. Atomic structure of silicate adlayers at SiC„0001…

For the silicate-covered~0001! surface, LEED and AES
analyses also indicate the existence of Si-O-Si honeyco
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TABLE II. Structure parameters of the Si-terminated silicate-covered 6H-SiC(0001)-(A33A3)R30°
surface for the Si2O5 model with the three different surface terminations S1, S2, and S3 as well as, fo
H-saturated S1 configurations~for details see text!. Measured structure parameters from Starke and
workers~Refs. 8 and 9! are given in parentheses.

Stacking type S1 S2 S3 H-saturated

d1 0.52 0.53 0.52 0.53
d2 1.60 ~1.57! 1.60 ~1.57! 1.60 ~1.57! 1.60
d3 1.62 ~1.63! 1.62 ~1.63! 1.62 ~1.63! 1.63
d4 0.59 0.59 0.59 0.58

Downward 0.003 0.01 0.02 -0.06
Si-O bond length 1.62~1.61! 1.62 ~1.61! 1.62 ~1.61! 1.62
Si-O-Si angle 142.6° (146°) 142.2° (146°) 142.2° (146°) 142.2°
Si-H bond length - - - 1.55
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rings in the top layer. From their data Starkeet al.9 have
derived the Si2O5 model for this surface. The respectiv
structure is shown in Figs. 1~a! and 1~c! if the C and Si
atoms in the SiC bilayer on top of the substrate surface
interchanged. The Si-O-Si ring in the unit cell is not direc
bound to Si substrate-surface atoms via a Si-Si bond
rather by a linear Si-O-Si bridge in normal direction to t
surface@see Fig. 1~c!#. The structural parameters for the o
timized geometry as resulting from our calculations are lis
in Table II together with the experimental values. For t
different terminations of the stacking sequences S1, S2,
S3, there is no significant difference between the layer
tances and bond lengths. In the top bilayer, i.e., the Si-O
honeycomb ring, the interlayer distance is 0.52 Å and
oxygen atoms reside on the top. The resulting Si-O bo
length of 1.62 Å and the Si-O-Si angle of 142° are ve
close to the respective values ina-quartz. In the substrate
surface SiC bilayer, the interlayer distance (0.59 Å) is co
pressed by 6% relative to the respective value in bulk S
There is one substrate-surface Si atom in each unit cell in
center of the honeycomb ring having an unsaturated dang
bond. Comparing our optimized parameters with the exp
mental results,9 we find equally good agreement for all thre
terminations S1, S2, and S3. Thus also in this case, our
oretical study corroborates the model suggested by St
and co-workers8,9 on the basis of their experimental data.

We have also considered the Si2O3 model for the Si-
terminated substrate surface@see Figs. 1~a! and 1~b! and in-
terchange C and Si atoms in the top bilayer of the substra#.
This model has Si-Si bonds between the silicate adlayer
the substrate surface Si atoms. Calculation of the forma
energy shows that this model is much less stable than
Si2O5 model in the whole range of the allowed oxyge
chemical potentialmO. In the limit of mO50.5EO ~whereEO
is the total energy of an O2 molecule!, the formation energy
difference is as large as 10 eV per unit cell. The respec
consideration as in Sec. III A shows in this case that the b
energies to be compared are those of one O-O and two S
bonds for the Si2O3 model with those of four Si-O bonds fo
the Si2O5 model. Within this simple reasoning one wou
expect the latter model to be much more stable than
former for the Si-terminated~0001! surface. These finding
are consistent with the results of the LEED experiments8,9
re
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which have led the authors to their Si2O5 model. In the fol-
lowing, we will only discuss the electronic structure of th
latter model, therefore.

B. Electronic structure of Si2O5 at SiC„0001…

The respective surface band structure is shown in Fig
The shaded area represents the~0001!-projected band struc
ture of the bulk 6H-SiC crystal. The 2s states of the five
oxygen adatoms per unit cell give rise to five bands arou
220 eV with a total bandwidth of 2.0 eV. In the ionic ban
gap, there are O2p–related bands. The Si-O bonds give ri
to surface resonances between22 and24 eV. These three
groups of bands are characteristic for the silicate adsorp
and are shown in Figs. 2 and 4. The very flat band at 1.2
aboveEVBM stems from the dangling bonds at the substra
surface Si atoms in the center of the Si-O-Si honeyco
rings. The band occurs about 1 eV higher in energy than
respective band at the (0001)̄ surface~see Fig. 2 for com-

FIG. 4. Surface-band structure of the Si2O5 model for the
6H-SiC(0001)-(A33A3)R30° surface~see Fig. 1 for the structure
and see also the caption of Fig. 2!.
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parison!. This difference stems from the fact that the C p
tential is stronger than the Si potential. Thus the C dangli
bond band~Fig. 2! is lower in energy than the Si dangling
bond band in Fig. 4. Similar to the case of the C-termina
(0001̄) surface, this dangling-bond band turns out to be h
filled in our LDA results.

Consequently, we have carried out spin-polarized lo
density and Hubbard-model calculations for this surface
well, in order to investigate the electronic properties of t
dangling-bond state. The dangling-bond bands calcula
within LDA, LSDA, and the Hubbard model are shown
Fig. 5. In the LSDA calculation, the spin arrangement can
either ferromagnetic or antiferromagnetic. Our calculatio
for both arrangements show that the total energy differe
is less than 2 meV per (A33A3) unit cell and that the band
structures are very similar with the same value of spin sp
ting. Therefore, only the band structure for the ferromagn
arrangement is displayed in the figure. The splitting betw
the spin-up and spin-down bands at theG point is 1.0 eV.
Because of the very small dispersion of theD↑ and D↓
bands, there is no overlap between these two bands.
spin-up bandD↑ is fully occupied and the spin-down ban
D↓ is empty. In consequence the surface is semiconduc

Similar to the C-terminated surface, we have also stud
the band splitting by employing the Hubbard model. O
calculated HubbardU for this surface is 1.8 eV. Therefore

FIG. 5. Section of the surface-band structure for the Si2O5

model of 6H-SiC(0001)-(A33A3)R30° including the dangling
bond bands. The upper, middle, and bottom panels show the re
from LDA, LSDA, and Hubbard-model calculations, respectivel
-
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s
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e
s
e
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the half-filled LDA bandD splits into two bandsDu andDl
separated by an energy gap of 1.8 eV. It is interesting to n
at this point that the intra-atomic Coulomb interaction ene
U of the Si dangling bonds at the silicate-covered SiC~0001!
surface turns out to be close to the respective values obta
for the clean Si-terminated SiC(0001)-(A33A3)R30° sur-
face by Northrup and Neugebauer24 ~1.6 eV!, Furthmüller
et al.25 ~2.1 eV!, and Rohlfing and Pollmann26 ~1.95 eV!. For
the clean surface we obtain as wellU51.8 eV, when the
calculations are carried out as desribed in this work. T
close agreement of the HubbardU values resulting from four
different calculations certainly stems from the fact that
each case we are dealing with the Coulomb-correlation
ergy of the same unsaturated localized Si dangling bond

To the best of our knowledge, there are no ARPES d
available for the silicate-covered Si-terminate
6H-SiC(0001)-(A33A3)R30°, so far.

C. Effects of coadsorbed hydrogen

Saturation of the Si dangling bond in the center of t
Si-O-Si honeycomb rings by hydrogen basically does
change all but one structural parameter~see Table II!. Only
the vertical position of the substrate-surface Si atoms is m
ginally changed. As our calculations have shown, witho
adsorbed hydrogen the Si atoms with a dangling bond
shifted downward by 0.003 Å with respect to the oth
substrate-surface Si atoms for the S1 termination. When
drogen is adsorbed saturating the dangling bonds, thes
oms are shifted upwards by 0.06 Å. The band structure
the H-terminated S1 configuration shows no significa
change belowEVBM , as compared to Fig. 4. Only th
dangling-bond bandD in the projected bulk-band gap disap
pears. Similar to the C-terminated surface, this also indica
for the current system that the interface density of state
drastically reduced by hydrogen saturation. When all Si d
gling bonds are saturated, this surface should also be st
in air as has been observed in experiment.8,9

V. SUMMARY

Ab initio pseudopotential supercell calculations ha
been carried out for silicate adlayers at t
(A33A3)R30°-reconstructed 6H-SiC(0001̄) and
6H-SiC(0001) surfaces. In the case of silicate-cove
SiC(0001̄) surfaces, both the Si2O3 and the Si2O5 models
have roughly the same formation energy. In the case of
SiC~0001! surface, silicate adsorption within the Si2O5
model turns out to be energetically much more favora
than adsorption in the Si2O3 configuration. The calculated
optimal structural parameters are in excellent agreement
the results of recent LEED experiments.8,9 Generally,
oxygen-derived 2s states have been obtained around 20
below the valence-band maximum for all the investiga
structures. The O 2p states induce characteristic surface fe
tures in the ionic gap. These two groups of surface s
bands can be considered as the ‘‘fingerprints’’ of the silic
adlayers. In all our LDA results, except for the surfaces w
coadsorbed H, we find a half-filled dangling-bond band
the fundamental gap, in addition. For the C-termina
(0001̄) surface, this band occurs near 0.2 eV aboveEVBM .

lts
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For the Si-terminated~0001! surface, it resides near 1.1 e
aboveEVBM . From our LDA calculations both surfaces r
sult as metallic. In the outcome of our spin-polarized LSD
calculations, the dangling-bond band splits into two ban
with a gap of 0.6 eV and 1.0 eV for the (0001)̄ and ~0001!
surface, respectively. Thus, the spin-polarized LSDA cal
lations already show that the considered surfaces are s
conducting. However, as is well-known, such calculatio
underestimate the value of the gap energy. To overco
these shortcomings and to include correlation effects at l
in a model calculation, we have employed the Hubb
model for the energetically most stable configuratio
Within the Hubbard model, a gap of 1.2 eV and 1.8 eV
found for the (0001̄) and ~0001! surfaces, respectively. Fo
the silicate-covered SiC(0001)̄ surface our results for the
dangling-bond bands in the energy gap have been comp
with most recent ARUPS and band-bending data. Theory
experiment are found to be in very good agreement, inde
.
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lending further support to the atomic structure models and
the notion that correlation effects as described within
Hubbard model are very important for a quantitative int
pretation of the data. Hydrogen saturation for both t
(0001̄) and~0001! surface clears the gap from surface sta
since the H atoms saturate the C or Si dangling bonds,
spectively. This result supports the experimental finding t
both surfaces are stable in air at room temperature.
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